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Introduction
Adult stem cells possess a low antigenicity [1] and can be isolated from a variety of sources including bone marrow [2, 3] , adipose tissue [4] , peripheral blood [5] and skin [6] . Unlike embryonic stem cells, little or no ethical issues are related to the use of their adult counterparts. Being the body's largest organ, the skin is a highly accessible source and the largest reservoir of epithelial stem cells (EpSCs), at least in humans [7] . Furthermore, their surprisingly diverse differentiation potential has also contributed to a significant recent interest in adult skin stem cells [8] . Permanently residing EpSCs in mammalian skin are able to differentiate into multiple lineages and have been reported in the epidermis [9] , hair follicle [10] as well as dermis [6] .
Like stem cells from other tissues, epidermal EpSCs play a central role in tissue homeostasis and wound repair, but also represent a major target of tumor initiation and gene therapy [11] . These EpSCs can differentiate into interfollicular epidermis, hair follicles and sebaceous glands [12] . The extensive regenerative capacities of the epidermis is due to the presence of EpSCs that continuously produce keratinocytes, which further undergo terminal differentiation towards a keratinized layer and provide the skin's barrier properties in mammals [13] . Furthermore, the epidermis contains a population of stem cells with apparently different levels of maturity [14] . This heterogeneous population displays subpopulations of a different morphology than its more differentiated progeny at the homing site [15] . Interestingly, the bulge of the hair follicle is a major repository of skin keratinocyte stem cells and the latter have been regarded as the ultimate EpSCs [10, 11, 16, 17] . However, it should be emphasized that lineage tracing in vivo demonstrated the existence of interfollicular stem cells [18, 19] and indicated that epidermal and hair follicle stem cells represent distinct populations [18] .
Stem cells are being isolated from different tissues, have been evaluated in numerous human clinical trials and are since recently commercially used in veterinary medicine to treat horses and dogs [1] . However, purification of stem cells is technically difficult because of their scarcity in the tissue of origin and the lack of universal morphologic traits for stem cells [20] . Many of the methods developed for the isolation and analysis of specific cell types cannot be used for medical experimentation on living materials because of the damaging nature of these techniques, such as isotope radiation and cell fixation [21] . For isolation of EpSCs, in vitro methods describe the use of (i) colony forming culture to localize multipotent stem cells in the hair follicle bulge region [22] , (ii) Hoechst exclusion technique to isolate a side population in the hair follicles [23] , (iii) cell sorting using CD71 and α6-integrin expression markers for harvesting keratinocyte stem cells [24] and (v) sphere formation [9] .
Once skin-derived precursor cells differentiate, they lose typical stem cell properties and their survival in suspension is substantially reduced [25] . In the mammary gland, another epidermal organ, so-called mammospheres are also intensively studied for stem/ progenitor cell purification purposes [26, 27] . Unfortunately, a major disadvantage of this 3-D technique is contamination with other adult cell types surviving between the sphereforming stem cells [26] . Moreover, no reports are available concerning sphere forming capacities of skin-derived EpSCs and their differentiated progeny during long-term serial passaging. Furthermore, only limited information is available concerning cell impurities in skin-derived sphere cultures. For all these reasons, this study was designed to extend the existing knowledge of EpSC purification through sphere formation in different culture circumstances. Borena 
Materials and Methods

Donor animals and skin harvesting
Six healthy French trotter mares with an age between 5 and 7 years and in good general health condition (no clinical or hematological signs of infections) were used for skin sample collection. The isolation and characterization of skin-derived EpSCs was performed as previously described [26, 9] with some minor modifications. Briefly, horses were sedated with an intravenous injection of detomidine hydrochloride (0.01mg/kg, Medesedan®, VIRBAC, Belgium) and the analgesic butorphanol (0.01mg/kg, Dolorex®, Intervet, Belgium). After surgical preparation (clipping, scrubbing and disinfecting) and local anesthesia of the neck region with 4% Procaine-Adrenalin, one full thickness skin sample of about 2cm 2 was excised. Samples were kept in transport medium consisting of Hank's balanced salt solution (HBSS, Gibco) with 2% of penicillin-streptomycin-amfotericine B (P/S/A, Sigma-Aldrich). The experimental procedure was approved by the ethical committee of Global Stem Cell Technology (EC_2012_002, EC_2013_003 and EC_2014_001) and the Faculty of Veterinary Medicine, Ghent University (EC_2014_020).
Isolation and culture of skin-derived epithelial-like stem cells
In the laboratory, the samples were maintained at 4°C overnight in 0.25% trypsinethylenediaminetetraacetic acid (EDTA) (Gibco) solution with the hair side down. Afterwards, the epidermis was mechanically disconnected from the dermis by deep scraping using sterile scalpel and forceps on a sterile petri dish. Subsequently, a second enzymatic dissociation step with 1% collagenase III (Worthington Biochemical Corporation) at 37° C for 60 minutes was performed in order to remove epidermal cells. The suspension was poured through a 40µm filter (BD Falcon) in a 50ml tube containing 2ml of FBS to inactivate the collagenase III and washed by centrifugation at 300G for 8 minutes at room temperature. The pellets were re-suspended in epithelial-like stem cell (EpSC) medium, consisting of Dulbecco's modified Eagle's medium (DMEM)/F12 (Gibco), 20% fetal bovine serum (FBS, Gibco), 2% P/S/A, 20 ng/ml human recombinant-basic fibroblast growth factor (hr-bFGF) and 20 ng/ml epidermal growth factor (EGF) (all from Sigma-Aldrich). The suspension was then filtered again and cells were counted using Trypan blue staining (1:1 dilution). Subsequently, the cells were cultured on ultralow attachment plates to induce sphere formation. After 7 days of suspension culture, spheres were centrifuged and seeded on adhesive tissue culture flasks for further characterization.
Sphere formation assay
From the cells harvested by the procedure above, an average of (0.4±0.2)x10 5 cells/cm² were planted per well of an ultralow attachment 6-well plate for all 6 skin samples (Corning, Elscolab) in EpSC medium to induce primary spheres. The spheres were counted at day 4 and 7 and the medium was refreshed by means of centrifugation at 300G for 8 min at both time points. Sphere forming efficiency was calculated by dividing the average number of spheres counted in a well by the number of cells planted and multiplied by 100 to express as a percentage. After the first sphere cycle (7 day culture on ultralow attachment plates), all spheres were collected and planted onto adherent tissue culture flasks in EpSC medium. Upon 80% confluency, the adherent cells were trypsinized with 0.25% trypsin-EDTA and cultured in fresh medium from passage 1 (P 1 ) to P 10 . At P 4 and P 10 cells were seeded in duplicate at a clonal density of 100cells/cm 2 on 6-well ultralow attachment plates to initiate a second and third sphere cycle for all 6 skin samples, respectively. The second and third sphere cycle were performed in both EpSC and differentiation medium. Differentiation medium consisted of DMEM/F12 (Gibco), 20% FBS (Gibco), 5µg/ml insulin, 1µg/ml hydrocortisone and 0.1mM betamercaptoethanol (all from Sigma-Aldrich). The medium was refreshed every two days and the following parameters were recorded in 10 fields on day 1, 4 and 7 post-seeding: number of cell units/field (a separate cell or a sphere is counted as 1 cell unit at each time point), number of spheres/field and number of cells/ sphere (all at 200x magnification).
Purification of EpSCs
For purification of an impure EpSC culture, adherent cells from P 10 of this culture and a pure culture as a positive control were cultured in suspension on 6-well ultralow attachment plates at different densities: 1 cell/cm² (=10 cells/6-well), 10 cells/cm² (=100 cells/6-well) and 100 cells/cm² (=1000 cells/6-well) using EpSC medium. The experiment was performed three times in triplicate for each seeding density and the Borena et 
number of spheres and number of cells/sphere were compared on day 1, 4 and 7 post-seeding with a pure culture. On day 7, the spheres were centrifuged and reseeded on adherent tissue culture plates and grown for 7 days to assess morphological differences and perform IHC.
Population doubling time (PDT)
After culturing the spheres in adherent tissue culture flasks, EpSCs were trypsinized at 80% confluency using 0.25% trypsin-EDTA. Cells were counted using trypan blue staining and subcultured at 1x10 4 /cm² until P 10 . The proliferation rate was quantified using the population doubling time (PDT), which was calculated for each passage from P 1 to P 10 as previously described by Martinello et al. [28] and Spaas et al. [5] , using the formula: T/[Log(N f /N i )/Log2], where T is the time in days, N f the final number of cells and N i the initial number of cells.
Flow cytometry assay
A flow cytometric technique was used to characterize sphere-derived cells for the expression of major histocompatibility complex (MHC) I and MHC II. Adherent cells from P 4 and P 10 were first detached using 0.25% trypsin-EDTA (Gibco) and frozen at 400,000 cells per vial using 10% DMSO (Sigma) as a cryoprotectant (for analysis of the different time points at the same time). Per series, 400,000 cells were thawed and labeled with the following primary antibodies: mouse anti-horse MHC class I IgG 2a (Washington State University, 1:50) and mouse anti-horse MHC class II IgG 1 (Abd Serotec, 1:50). Cells were incubated with the primary antibodies for 15 minutes on ice in the dark and washed twice in washing buffer, consisting of DMEM with 1% bovine serum albumin (BSA). Rabbit anti-mouse-FITC (Dako, 1:40) antibodies were used to identify positive cells after 15 minutes of incubation on ice in the dark. Finally, all cells were washed three times in washing buffer and at least 10,000 cells were evaluated using the FACSCanto™ flow cytometer (Becton Dickinson). All analyses were based on (i) autofluorescence and (ii) control cells incubated with isotypespecific IgG's, in order to establish the background signal. All isotypes were matched to the immunoglobulin subtype and used at the same protein concentration as the corresponding antibodies. To evaluate cell viability the cell impermeable DNA dye propidium iodide (Sigma-Aldrich, 1µg/ml) was added just before measurement.
Induction of differentiation
Differentiation of the isolated cells towards keratinocytes was induced using a distinct differentiation protocol for EpSCs developed by Broeckx et al. [9] . Briefly, adherent cells from P 4 and P 10 were trypsinized using 0.25% trypsin-EDTA and EpSCs were seeded into 24-well plates at a density of 2.5x10 3 per cm². The cells were induced in differentiation medium for 7 days and the medium was refreshed every 2 days. In parallel to this, EpSCs were also cultured in similar plates at the same density using EpSC medium as a control.
Immunohistochemistry (IHC)
To identify whether the skin-derived cells expressed previously reported EpSC markers [9] and to qualitatively assess the success of keratinocyte differentiation and EpSC purification, IHC at P 4 , P 10 and P 11 was performed. Adherent cells were washed with HBSS, fixed for 10 minutes with 4% paraformaldehyde and permeabilized for 2 minutes with 0.1% Triton X, both at room temperature. Cells were then incubated with hydrogen peroxide for 5 minutes followed by washing with HBSS before incubation for 2 hours at room temperature with the following primary mouse IgG 1 monoclonal antibodies: anti-human cytokeratin 14 (CK 14) (Abcam, clone LL002, 1:50) and anti-human Pan CK (Dako, clone, AE1/AE3, 1:50) and the following rabbit antibodies: anti-human Wide CK (Abcam, 1:50) and anti-human IgG Ab casein kinase 2β (CK-2β) (Abcam, clone EP1995Y, 1:50). After washing with HBSS, secondary ready to use either goat anti-mouse or anti-rabbit peroxidase (PO)-linked antibodies (Dako) -depending on the primary antibody used-were added and incubated for 30 minutes at room temperature. Finally, 3, 3'-diaminobenzidine (DAB) was added for 2-10 minutes and a counter staining with hematoxylin was performed to visualize the surrounding cells. Identical staining performed on undifferentiated EpSCs was used as a control for the differentiation experiment and background staining was assessed by using the proper isotype-specific IgG's. All isotypes were matched to the immunoglobulin subtype and used at the same protein concentration as the corresponding antibodies. The staining was then observed using an inverted light microscope and pictures were taken using a digital microscope camera.
Results
Isolation and culture of skin-derived epithelial-like stem cells
Presumed EpSCs were isolated from all 6 equine skin samples following mechanical and enzymatic digestion. First, the isolated primary skin-derived epithelial cell suspensions were grown in non-adherent (spherical) culture conditions for stem cell purification. Secondly, these spheres were further expanded in adhesive culture circumstances. The impurities detected in one of the six horses were thirdly effectively purified as reported in detail in the "Purification of EpSCs" section.
The first and thus very small "spheres" consisting of on average 2 cells/sphere were observed in all cultures as early as 1 day post seeding. With time the size of these initial spheres significantly increased at all passages as illustrated in Fig. 1 . At P 0 other cell structures such as floating fragments, keratinocytes and melanocytes were visible and no adherent cells could be noticed in all suspension cultures (Fig. 1) . Upon subsequent seeding on adherent tissue culture flasks, the cells in the spheres dispersed and reached 70-80% confluence at approximately 4-5 days post-seeding. Moreover, trypsinization and reseeding from adherent plates on ultralow attachment plates resulted in the formation of subsequent generations of spheres (Fig. 1) . 
Sphere formation assay
To test the self-renewal capacity of the presumed EpSCs, the sphere-initiating capacity of serially passaged cells cultured as spheres was assessed ( Fig. 1 and 2) . A similar assay has been previously used for the characterization of human mammospheres [26] . An average sphere-forming efficiency of 0.53 + 0.28% (means + SD, n=6; Table 1 ) was recorded from the primary skin-derived epithelial cells seeded on the non-adherent plates at an average density of 0.4x10 5 cells/cm². Sphere formation was successful at P 4 (second sphere cycle) and P 10 (third sphere cycle) from seeding 100 cells/cm² (Fig. 1) , which indicated that these cultured cells were capable of self-renewal, proliferation and clonal expansion in suspension. The number of cell units/field increased over time in EpSC medium, but decreased over time in the differentiation medium (P < 0.0001). By day 7, a significantly (P < 0.0001) higher number of cell units/field was observed in EpSC medium versus differentiation medium ( Fig. 2A) . Regardless the medium used, the number of cell units/field was significantly (P < 0.0001) higher at the second cycle (P 4 ) than at the third cycle (P 10 ) (Fig. 2A) . The number of cells/sphere significantly increased from day 4 to day 7 post-seeding (P < 0.0001) and with sphere cycle (P < 0.0001 and Fig. 2B ), and the increase was larger in the third cycle (P < 0.0001).
Regarding the number of spheres/field on both day 4 and day 7, this parameter was significantly higher in EpSC than in differentiation medium (P = 0.008, P < 0.0001, respectively and Fig. 2C) . A strong correlation (R 2 = 0.9) between the number of cell units/field and of the number of spheres/field existed in both media. However, unlike the number of cell units/ field, the number of spheres/field was not significantly affected by sphere cycle (P = 0.203, data not shown). Overall, these data indicated that presumed EpSCs clonally expanded in suspension, however, they experienced difficulties in sphere formation when going into the differentiation process. 
Immunophenotyping of the isolated and differentiated cells
Flow cytometric analysis was performed to immunophenotypically characterize the isolated skin-derived epithelial cells and to evaluate their expression of typical immunological proteins over time and after differentiation towards keratinocytes. Compared to the relevant isotype controls, most of the presumed EpSCs and differentiated cells expressed MHC I concomitant with only a limited number of cells expressing MHC II at P 4 as well as at P 10 (Fig.  3) . No significant differences in number of cells expressing MHC I and II could be noticed between the two cell types at different time points (Fig. 3) .
Immunohistochemistry of EpSCs and cells differentiated towards keratinocytes
The immunophenotypic characterization of sphere-derived cells and their differentiation potential was evaluated using immunohistochemistry analysis. Accordingly, the isolated undifferentiated skin-derived epithelial cells, which were used as control for the differentiation experiments, were negative for typical keratinocyte markers, namely Pan CK and Wide CK [29] while staining positive for the epithelial markers Casein kinase 2β [30] and CK 14 (Fig. 4) . Differentiated cells on the other hand, were positive for all three cytokeratines tested i.e. CK 14, Pan CK and Wide CK as well as for the epithelial marker Casein kinase 2β. No positive staining cells were detected in the undifferentiated as well as differentiated cell culture upon relevant isotype control staining. Morphologically, the undifferentiated cells were elongated or typically spindle-shaped, whereas the differentiated cells were more stretched, stellate-shaped and formed cobblestone-like cells (Fig. 4) . Immunohistochemistry was performed on adherent undifferentiated and differentiated cells using markers including, CK14, Pan CK, Wide CK and casein kinase 2β. Relevant isotype controls were also included. After Hematoxylin counterstaining, pictures were taken using a digital microscope camera, at 400x magnification. Arrows indicate positive staining and bars represent 50µm.
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Purification of EpSCs
Cellular contamination was detected in one out of the six skin samples. The impurity was detected at P 4 on adherent plates and remained present over time (Fig. 5) . Both the average number of spheres/well and cells/sphere from seeding at clonal densities i.e.at 10 cells/6-well and 100 cells/6-well increased from day 4 to day 7 post-planting in pure and impure cultures (Fig. 6A and B) . However, compared to pure EpSCs, the sphere forming efficiencies were significantly lower (P = 0.0012) in impure cultures (Fig. 6C) . In marked contrast to the ultralow seeding densities, higher seeding densities (i.e.at 1000 cells/6-well) resulted in unsuccessful purification (Fig. 7B) and a decrease in the number of spheres over time (data not shown), yet with an increase in sphere size (Fig. 6D) . The keratinocyte impurity was confirmed by IHC as shown in Fig. 7A based on positive expression of a panel of selected appropriate markers as described (CK 14, Pan CK, Wide CK and Casein kinase 2β). During the process of purification by planting at different clonal densities, the impurity was still detected in several wells derived from the 1000 cells/6-well purification (Fig.  7B) . A successful purification of the cell culture was achieved by planting at a density of 10 (Fig. 7C ) and 1 cell/cm² (Fig. 7D ). This was confirmed by the spindle shaped cell morphology and negative expression of Pan CK and Wide CK.
Discussion
Being the body's largest organ, skin has been extensively used to study adult/somatic stem cells [31] . In particular, it has been suggested as the main source of epithelial-like stem cells (EpSCs) [15, 32] . Besides the presence of somatic stem cells in hair follicles and dermis, the epidermis also contains a compartment of stem cells [9, 14] which are of different maturity levels. However, there is no common criterion that allows to recognize individual stem cells with confidence [14] . In a human skin study, it was identified that the latter stem cells are firmly adherent to the basal lamina and account for 10% of the cells in the basal layer at the dermal-epidermal junction [29] . So far EpSCs have been obtained either by dedifferentiating adult epidermal cells [33, 34] , or by inducing pluripotent stem cells [35] , or by their direct harvest from the epidermis [9, 36] . Isolation of sphere-forming skin-derived epithelial cells from suspension culture has been described already in 1986 [37] . Such a suspension commonly consists of stem cells and their transit-amplifying progeny [38] . A potential disadvantage of this isolation technique is the likely contamination with other cell types due to adult cells surviving between the sphere-forming stem cells [26] . So far, sphere formation was successful both from bulk skin tissue-derived cell suspension [6] and from culture of epidermis-derived cells at a clonal density [9] on ultralow attachment plates.
In the current study, skin was harvested from six horses and an average sphere-forming efficiency of 0.53±0.28% of these seeded cells was demonstrated. As is the case for primary mammary cells [26] , most of the primary skin-derived epithelial cells died in suspension culture. It has to be mentioned, that although the starting material from all donors had the same size, the initial cell seeding density varied 0.21 x10 6 cells between donors and might have caused a variation in sphere forming efficiency at the first cycle. In agreement with our results, it has been described that 0.4% of the seeded mammary cells were able to form mammospheres in humans [26] a percentage which was higher in horses ranging from 0.8 to 3.2% depending on the lactation stage [27] . Moreover, subsequent generations of spheres could be generated from P4 and P10 with a relatively constant sphere-forming efficiency of almost all purified cells (data not shown). This finding corroborates a previous study [9] and is indicative for the fact that each sphere contained approximately one sphereinitiating cell. Thus, the self-renewal and clonal expansion capacities of the isolated cells being main characteristics of stem cells, was clearly demonstrated [38] . Visual examination of suspension culture revealed that, although spheres could also grow in the differentiation medium, their number was significantly lower compared to that observed in the EpSC medium during both second and third sphere cycles. This clearly indicated an overall lower cell survival of the more differentiated EpSC progeny or of the undifferentiated EpSCs in differentiation medium. Based on the first hypothesis, this difference could be attributed to the fact that once skin-derived precursor cells are differentiated, they lose the typical stem cell properties and their survival in suspension is substantially reduced [25] . The strong correlation between the numbers of cell units/field and of spheres/field was an indicator that most of the skin-derived purified EpSCs resulted in sphere formation. Additionally, the number of cells/sphere increased from day 4 to day 7 post seeding which indicated that clonal expansion of cells within the sphere occurred up to P10.
Cellular contamination was noticed in one of the six horse skin isolates. Cell contamination is usually difficult to detect, and consequently is a potentially major culture problem than the problems caused by other types of biological contamination [39] . In the present study, cellular impurities were clearly visible microscopically based on morphology and on IHC staining for keratinocytes. This contamination could be noticed from P4 on and the level of impurity increased during passaging. Nevertheless, it has been reported that serial passaging would rather eliminate more committed progenitors and select for selfrenewing stem cells [38] . For that reason, cells were seeded at ultralow clonal densities varying from 1 cell to 100 cells per cm 2 on 6-well ultralow attachment plates followed by adherent culture. Here, IHC staining demonstrated that only the lowest densities allowed EpSCs to survive and removed the cellular impurities from culture. Although the purification in the present study consisted of cells from only one donor, the experiment was performed three times (in triplicate for each time point) and generated consistent results. Nevertheless, future studies should confirm the reported purification technique in different isolates with different degrees of impurities.
Another key finding of the present study pertains to the immunophenotypic characterization of EpSCs by flow cytometry. Expression of Major Histocompatibility Complex (MHC) I and MCH II was evaluated on equine EpSCs and their differentiated progeny. These data showed that most EpSCs and differentiated cells expressed MHC I and only a few cells expressed MHC II. This result is in contrast with a previous report using equine EpSCs [9] , where only few cells expressed MCH I. It has to be mentioned though, that in the present study only live cells were gated, because a rather high death rate was present during measurement, whereas in the previous study all cells were measured including the dead ones. Nevertheless, the high number of cells expressing MHC I in this study is also in contrast with a previous study on differentiated keratinocytes, where a low number of cells expressing this marker was reported in a sub-population of basal human keratinocytes [40] . It is known that the rejection response to grafted tissues/cells is caused by cell surface molecules that induce antigenic stimulus. MHC molecules are one of the families within the highly heterogeneous group of transplantation antigens that have been described so far [41] . While MHC I antigens are present on all nucleated cells and are involved in antigen presenting activities [42] , MHC II are expressed on activated B-lymphocytes, macrophages, dendritic cells and epithelial cells [43] and involved in graft rejection [44] . Therefore, the low number of undifferentiated as well as differentiated EpSCs expressing MHC II suggest Borena et 
that these cells might be attractive candidate cells for allogenic transplantation in horses. Nevertheless, future studies will have to confirm this statement and should focus on the relative expression levels (per cell) of these and other immunomodulating molecules as well.
In conclusion, the present study reports sphere formation as a valuable tool to purify stem cells in skin cell cultures upon isolation and after serial passaging. Further research should focus on the optimization and validation of this purification strategy of stem cells cultured from skin as well as from other tissues.
